A nucleotide transversion from guanine to uracil in the 23S rRNA confers linezolid resistance. We describe a real-time PCR using two Taqman probes that detects a single mutated allele among the genomes of Enterococcus faecium and Enterococcus faecalis. Results were confirmed by a classical approach involving LabChip technology assayed with an Agilent Bioanalyzer 2100.
Linezolid is an oxazolidinone that has excellent activity against many gram-positive bacteria (17, 18, 20, 22) . Prevention of initiation complex formation in protein biosynthesis is assumed to be the mechanism of action (27) . In vitro resistance to linezolid is mediated via mutations in the central region of domain V of 23S rRNA (12, 21, 33) and/or by as-yet-unknown mechanisms (24, 31) . However, resistance in wild-type isolates of Staphylococcus, Enterococcus, and Streptococcus is conferred by a single nucleotide transversion from guanine to uracil at position 2576 in 23S rRNA (Escherichia coli numbering) (9, 10, 21, 29, 33) . Isolates for which the MICs are Ն8 mg/liter are defined as resistant (6) . Identification of the resistance genotype is complicated by the various numbers of 23S rRNA alleles among the genomes of these bacteria, for example, five copies in Staphylococcus aureus, four in Enterococcus faecalis, and six in Enterococcus faecium (2, 15, 19, 23) . In vitro studies showed that one out of six mutated alleles in E. faecium and two out of four mutated alleles in E. faecalis were sufficient to confer linezolid resistance (14, 15) . A correlation between the number of mutated alleles and the MIC was described for E. faecalis and E. faecium (14, 15) . Homozygous susceptible or homozygous resistant isolates (all alleles mutated) can be detected by molecular tests, such as DNA sequencing of PCRamplified fragments (14, 15, 25) or a restriction digestion following PCR amplification (15, 32) . However, heterozygous linezolid-resistant isolates could be confirmed only by timeconsuming and laborious methods (15) . But these are exactly the isolates encountered in clinical practice: during linezolid therapy, primarily susceptible strains acquire resistance by stepwise mutation (1, 7, 8, 9) and probably by subsequent recombination (14) . For rapid molecular detection and molecular confirmation of such isolates, we chose a 5Ј nuclease real-time PCR assay with Taqman probes, a method which allows rapid, sensitive, and quantitative detection of singlenucleotide polymorphisms.
Seventy-two strains were included; 10 of them were linezolid resistant (MIC Ն 8 g/ml). 0.5 to 2 g/ml) were clonally diverse (data not shown). DNA extraction and purification were done using standard procedures and commercial kits (QIAGEN, Hilden, Germany), and DNA was quantified by fluorescence labeling (Pico Green kit; Molecular Probes, Leiden, The Netherlands). Classical PCR was performed with DNA beads (Amersham Pharmacia, Freiburg, Germany). Real-time PCR was done with an ABI 7000 using a SYBR Green kit and a Taqman kit (Applied Biosystems, Darmstadt, Germany). The assay was first evaluated with primers 23S_TQF and 23S_TQR and the SYBR Green kit, and a 100 pM concentration of each primer and 1 ng of purified PCR product (later with 2 ng of genomic DNA) amplified in a classical approach with primers 23S_F and 23S_R were then added ( Table 1 ). The specificity of products was confirmed by melting-curve analysis. The assay design was then applied to the Taqman kit system, including two labeled Taqman probes possessing 3Ј MGB (minor groove binder) VIC-LIZ-TQ-S (detecting a wild-type or susceptible allele) and FAM-LIZ-TQ-R (detecting a mutated or resistant allele) probes (Table 1) . Optimization included 5Ј nuclease assays with various concentrations of primers (1, 10, and 100 pM), genomic DNA (0.066, 0.125, 0.25, 0.5, 1, and 2 ng), and probes (25, 50, 100, and 200 nM). An alternative FAM-LIZ-TQ-R probe was also tested ( Table 1 ). All samples were assayed at least in triplicate.
The nucleotide transversion G2576T in linezolid-resistant enterococci generates a new restriction endonuclease site recognized by enzymes like MaeI (C2TAG) or NheI (G2CTAGC) (mutated nucleotides are underlined) (15, 32) . After endonuclease treatment, linezolid-susceptible enterococci still showed a nondigested fragment, and homozygous linezolid-resistant enterococci showed two fragments (however, a 43-bp fragment was not detectable) ( Fig. 1 ). The band pattern in linezolidresistant enterococci with a heterozygous genotype revealed three fragments (43 bp not detectable). Restriction was done with 5 l of purified 23S_R-23S_F PCR product, 1ϫ buffer, and 20 U of NheI at 37°C for 0.5 to 2 h. Separation of fragments was done with a 2% agarose gel and with a LabChip 1000 kit. LabChip technology requires a Bioanalyzer 2100 (Agilent Technologies, Waldbronn, Germany), allowing quick (3-min/sample) and easy-to-perform separation of DNA, RNA, or proteins in specialized microglass capillary chips. Each lane possesses two internal standards which are scaled to the external standard running on each chip. Inherent BioSizing software automatically calculates the size and quantity of each fragment in relation to the internal and external standards ( Fig. 1 and Table 2 ).
Selection of strains. Data for the 10 linezolid-resistant isolates (seven E. faecium and three E. faecalis isolates) are given in Table 2 . The species was confirmed by using ddI-specific primer pairs (4) ( Table 1 ). The 23S rRNA alleles were amplified classically by using genomic DNA and primers 23S_F and 23S_R. Digestion with NheI identified two E. faecium isolates (3935 and 3939) and a single E. faecalis isolate (3696) with all 23S alleles mutated ( Fig. 1 ; see text below for details).
Taqman PCR. Homozygous linezolid-susceptible and -resistant isolates, including E. faecium ATCC 19434 (susceptible), E. faecium 3939 (resistant), E. faecalis V583 (susceptible), and E. faecalis 3696 (resistant; see also above), were chosen to establish a 5Ј nuclease assay. Primer concentrations of 100 pM each and concentrations of 25 nM for the probe FAM-LIZ-TQ-R, detecting the resistant allele, and 100 nM for the probe VIC-LIZ-TQ-S, detecting the susceptible allele, led to the best results (data not shown in detail). An alternative probe detecting the resistant allele did not perform better (data not shown). As a threshold for all experiments, a value of 0.2 could be assigned: all nonspecific signals were beneath this value, and all specific signals were above it. Based on these results, gene dosage experiments were performed as follows. Genomic DNA from homozygous linezolid-susceptible and -resistant test isolates (E. faecium and E. faecalis) was quantified and mixed in a manner simulating DNA from wild-type isolates. All possible ratios of wild-type to mutated alleles were covered (for E. faecalis, 0:4, 1:3, 2:2, 3:1, and 4:0; for E. faecium, 0:6, 1:5, 2:4, 3:3, 4:2, 5:1, and 6:0). Existence of the appropriate alleles was precisely detected by the corresponding probes, which means that a single mutated allele was detected among four in E. faecalis and among six in E. faecium (Fig. 2) . Detection with the FAM-labeled probe revealed that the change in the ␦ C T value was smaller the more alleles had mutated (Fig. 2) . Similarly, when using the VIC-labeled probe, the change in the ␦C T value was smaller the less alleles had mutated (data not shown). However, even under optimized test conditions, the exact number of mutated versus wild-type alleles could not be quantitated. Nevertheless, the definite detection of a single mutated allele convinced us to prove the test scheme with wild-type isolates. All 72 isolates were investigated by using the approach described above (data not shown). All 10 linezolid-resistant isolates were precisely identified, allowing differentiation between isolates of homozygous and heterozygous linezolid resistance genotypes based on a signal from one or both of the Taqman probes used (data not shown). Classical approach. We analyzed PCR products amplifying 23S rRNA alleles (primers 23S_F and 23S_R) from our 10 linezolid-resistant enterococci digested with NheI ( Fig. 1 ) (for details, see above). Quantitative evaluation based on LabChip technology and BioSizing software revealed a distribution of allele types in heterozygous enterococci based on calculated molarities of the corresponding bands ( Fig. 1 and Table 2 ). The results have been confirmed by three independent experiments. The genome of E. faecalis V583 has been released, which allowed us to establish a verification test based on a separate amplification of all four 23S alleles followed by a subsequent confirmation of the corresponding allele type (G or T) by Taqman PCR ( Table 1 ). The four PCRs were successfully applied to our test isolates (3932 and 3697), a homozygous susceptible E. faecalis isolate (V583), and a homozygous resistant E. faecalis isolate (3696). PCR products were purified, quantified, and subjected to Taqman PCR. Each Taqman PCR showed a signal only with a single probe, suggesting a homozygous type for the four PCRs per isolate (data not shown). Calculations made with BioSizing software were confirmed as follows: in E. faecalis 3932, alleles 1, 3, and 4 showed a G-to-T mutation, whereas in E. faecalis 3697, alleles 1, 2, and 4 were mutated (3696 possessed only T-type alleles; V583 possessed only G-type alleles).
A 5Ј nuclease assay using Taqman probes is a modern, time-saving PCR technique allowing online detection and quantification of amplified DNA (5, 11) . Usage of distinctly designed probes, including an MGB motif, enables detection of single DNA nucleotide polymorphisms with great specificity and sensitivity. This is useful, for example, for detecting resistance characters based on single nucleotide polymorphisms such as fluoroquinolone or rifampin resistance (13, 28, 30) . Even more sophisticated is the molecular detection of linezolid resistance, in which in Staphylococcus and Enterococcus, four to six gene copies code for 23S rRNA targeted by this antibiotic. Woodford and coworkers (32) described a real-time PCR using LightCycler technology, which is different from Taqman technology (two probes per allele versus one probe per allele; sustaining of probes in LightCycler technology versus degradation of probes during Taqman PCR). Mutated and wild-type alleles were detected by a single probe and distinguished by different melting curves (32) . This assay design cannot be applied to other real-time PCR cyclers. We established a Taqman assay using two probes differing by a single nucleotide. Both probes are independently and in combination capable of detecting the susceptible and resistant allele types. The probes did not show any cross-hybridization: there were no nonspecific signals for the opposite allele types (Fig. 2) . Our assay detected a single mutated 23S allele among four to six copies in the genomes of E. faecalis and E. faecium in vitro and in the in vivo-generated resistant isolates. This detection allows prediction of future linezolid resistance during therapy even before it is detected phenotypically, since a mutation in a single Table 2 ). This result illustrates again that modern techniques like multiplex PCR, real-time PCR, and DNA chip technology are appropriate tools to predict and/or confirm corresponding resistance phenotypes (3, 16, 26) .
We acknowledge skillful technical assistance by Bianca Hildebrandt and Carola Konstabel. We thank R. Patel, F. J. Allerberger, and E. Halle for providing the linezolid-resistant strains for our analyses. FIG. 2 . Detection of the G or T allele type of 23S ribosomal DNA by real-time PCR using two labeled probes. In vitro gene dosage experiments vary the number of wild-type versus mutated alleles in E. faecium (A) and E. faecalis (B) (see text for details). Only results for the FAM-LIZ-TQ-R probe are shown. For better visibility, only one representative per allele mix is shown. Labels indicate the numbers of mutated alleles relative to the overall number of 23S ribosomal DNA copies per genome (E. faecium, 6; E. faecalis, 4). Delta R n , difference of fluorescence signals of a given template and the no-template control.
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